We have determined the flow of "N into free amino acids of the N-limited green alga Selenastrum minutum (Naeg.) Collins after addition of 15NH4+ to aerobic or anaerobic cells. Under aerobic conditions, only a small proportion of the N assimilated was retained in the free amino acid pool. However, under anaerobic conditions almost all assimilated NH4, accumulates in alanine. This is a unique feature of anaerobic NH4+ assimilation. The pathway of carbon flow to alanine results in the production of ATP and reductant which matches exactiy the requirements of NH4+ assimilation. Alanine synthesis is therefore an excellent strategy to maintain energy and redox balance during anaerobic NH4+ assimilation.
Anoxia induces GPT2 activity in barley roots (2) and in conifers (3) in a manner similar to the anaerobic induction of alcohol dehydrogenase and lactate dehydrogenase. This suggests that GPT is an important enzyme in anaerobic metabolism in plants. Indeed , it has been shown that Ala (the product ofGPT activity) is a product ofanaerobic metabolism in plants (4) (5) (6) (7) (10) (11) (12) . Because Ala synthesis requires N, it has been suggested that the N status of a tissue may be important in determining whether Ala is a significant fermentation product (4) .
We recently detailed the anaerobic metabolism in N-limited cells of the green alga Selenastrum minutum (16, 17) . In the absence of an external N source, the major fermentation products were lactate, ethanol, and succinate (16) . When anaerobic cells were supplied with NH4', NH4' assimilation occurred, although at a rate much lower than under aerobic conditions. During anaerobic NH4' assimilation, Ala became ' a significant fermentation product (accounting for 23% of anaerobic starch breakdown) and the rate of Ala synthesis was similar to observed rates of N uptake from the medium (17) .
In the present communication, we have used '5N tracer methods to examine the flow of assimilated NH4+ into amino acids under both aerobic and anaerobic conditions. This analysis shows that the NH4V being assimilated under anoxia is sequestered in Ala, providing a mechanism by which N assimilation can occur while maintaining energy and redox balance.
MATERIALS AND METHODS Organism and Culture Conditions
The green alga Selenastrum minutum (Naeg.) Collins (UTEX 2459) was grown autotrophically in N-limited chemostats as previously described (15) .
Experimental Conditions
Cells were taken from the chemostat, concentrated, put into an experimental cuvette, and preincubated under dark, aerobic conditions, as described previously (16) . They were then incubated 30 min in the dark under either aerobic or anaerobic conditions, prior to addition of '5NH4' (16, 17) . '5NH4CI (99 atom % '5N, Merck, Sharp and Dohme, Montreal, Canada) was added at a concentration of 5 mm. Samples were taken over time in darkness for amino acid analysis and NH4' analysis (see below).
Amino Acid Analysis
Samples were frozen in liquid N2, lyophilized, and extracted in a mixture of CHCl3/methanol as previously described (16) . A portion of this extract was used to determine amino acid pool size by HPLC analysis of o-phthalaldehyde derivatives on a C-18 reverse-phase column. The remainder was passed through a C-18 Sep-Pak cartridge (Waters Associates). After absorption on a small Dowex 50 column, and elution with 6 N NH40H, samples were evaporated to dryness at 38°C. 'sN atom % excess was determined by GC-MS, essentially follow-VANLERBERGHE ET AL. ing the methods of Rhodes et al. (8, 9) . Part of the sample was treated with N-methyl-N-(tert-butyldimethyl silyl)-trifluoroacetamide (Pierce) to produce the N-DMTBS derivatives.
The remainder of the sample was passed through a column of Dowex 1, which retained Asp and Glu, subsequently eluted with 2 N acetic acid. The acidic and neutral fractions were reacted to produce N-HFBI derivatives as described by Rhodes et al. (8) . Amino acid derivatives (1-3 ,uL aliquots) were separated by GC (Hewlett-Packard 5890A, equipped with HP5 capillary column, helium carrier, 5971A mass selective detector). Abundance of "5N was determined from mass spectra obtained by selected ion monitoring (N-HFBI derivatives, separated by a temperature gradient held at 10°'C for 1 min, to 195'C at 12'/min, then taken to 275'C at 16'/ min), or by scans over a narrow mass range (N-DMTBS derivatives, separated at 170°C held for 1 min, then 10'/min to 290°C). Spectra were averaged over the whole of each amino acid peak.
Other Methods NH4+ was measured using the phenol-nitroprusside-hypochlorite method (1, 13). Cells were not removed prior to the analysis and therefore the measured NH4+ concentration reflects both extra and intracellular NH4'. NH4' disappearance, therefore, reflects the assimilation of NH4+ into amino acids.
Chl was measured spectrophotometrically following extraction in methanol (16) . RESULTS '5NH4+ was added to N-limited cells of S. minutum held under either aerobic or anaerobic conditions. After 4.5 min and 19.5 min of '5NH4' assimilation, the pool size and the atom % excess of '5N of the major free amino acids was determined (Fig. 1, Table I ). Both amino acid derivatives used to determine atom % excess of '5N gave similar results (Table  I) . From these data, we calculatedthe moles of 5N sequestered in the major amino acid pools over that time period. Comparing this to the moles of '"NH4' assimilated by the cells over that period, we calculated the proportion of the total NH4' assimilated which had been sequestered in different amino acids (Table II) . A sample calculation is provided in Table II . The amino acids reported are the major constituents in these cells (14, 17) . We were unable to assay '5N abundance of the amide group of Gln because all of the Gln underwent deamination and cyclization to pyroglutamate during the N-DMTBS derivatization. This breakdown is much lower in extracts from some other tissues, and appears to be enhanced in Selenastrum extracts by the presence of an unknown contaminant.
Aerobic cells assimilated '5NH4' at a rate of 175 fsmol. mg-' Chl h-'. Relatively little of the N assimilated under these conditions was retained in the major free amino acid pools (Table II) . The only exception is Gln, the first product of primary NH4' assimilation. There was a large atom % excess of '5N in the amino group of Gln (Table I) and a large where 0.81 and 0.5 are the atom % excess of '5N in Ala at 19.5 and 4.5 min, respectively, divided by 100 (see Table I ); 3.56 and 2.14 are the pool sizes of Ala (umol * mg-' Chl) at 19.5 and 4.5 min, respectively (see Fig. 1 increase in Gln pool size over the duration of the experiment (Fig. 1) .
Anaerobic cells assimilated '5NH4' at a rate of -2 1.0 umol mg-' Chlh-'. This N was retained in the free amino acid pool. There was a massive accumulation of Ala (Fig. 1) and based on '5N abundance, 93% of assimilated N was sequestered in Ala (Table II) . A small amount was found in Glu and Asp. There was only a small increase in Gln pool size between 4.5 min and 19.5 min, indicating that Gln is not a significant end product during anaerobic NH4' assimilation.
DISCUSSION
We recently reported (15, 17) that the N-limited green alga S. minutum is able to assimilate NH4' under anoxia, albeit at a rate much lower than under aerobic conditions. Anaerobic NH4' assimilation was accompanied by a striking accumulation of Ala. The rate of accumulation was similar to the rate of N assimilation by anaerobic cells (17) . This led us to propose a model whereby provision of carbon skeletons for Ala synthesis produces the ATP and NADH required to assimilate the NH4' needed for Ala synthesis. In short, the production of 1 pyruvate from glycolytic starch degradation results in the net production of 1 ATP and 1 NADH. This would match the ATP and reductant requirements of NH4' assimilation into Glu by glutamine synthetase/glutamate synthase and the subsequent transamination of pyruvate to Ala (see Fig. 8 in ref. 17) . As a result, the synthesis of Ala could allow maintenance of low levels of anaerobic NH4' assimilation while maintaining energy and redox balance (17) . Accu 1 ) and '5N abundance (Table I) of Ala over time necessitates that 93% of NH4I assimilated under anoxia is sequestered in Ala (Table II) . This is not the case under aerobic conditions, where the N assimilated is not retained in Ala (Table II) but is distributed among the protein amino acids and used in protein synthesis. Analysis of the amino acid composition of total cellular protein from aerobically grown S. minutum indicated that it contained 3.8 mol % of Ala (18) .
In the absence of an external N source, Ala is a minor product of fermentative metabolism in S. minutum arising principally via Asp catabolism (16) . Once Asp is depleted, Ala accumulates at a very low rate, accounting for less than 3% of anaerobic starch breakdown. In the present study, cells were held anaerobic for 30 min prior to '5NH4' addition so that Asp catabolism was no longer contributing to Ala accumulation (16) . Once supplied with NH4', however, Ala is a significant fermentation product accounting for 23% of anaerobic starch breakdown (16) . The present study shows that this Ala accumulation is directly dependent upon anaerobic NH4' assimilation to provide N and illustrates that fermentative metabolism can be linked to the N status of plant tissue. Ala synthesis could allow some detoxification of NH4 without changing the energy or redox state of the cell, and at the same time provide a reserve pool of N which could be readily used in amino acid synthesis on return to aerobic conditions. CONCLUSION Greater than 90% of the NH4I assimilated by the green alga S. minutum under anaerobic conditions is sequestered in Ala. As a consequence of carbon flow to Ala synthesis, the net production of ATP and NADH in glycolysis balances exactly the demands for NH4' assimilation for Ala synthesis. Therefore, the synthesis of Ala allows maintainence of low levels of anaerobic NH4' assimilation while maintaining energy and redox balance. 
